This paper uses currency option data from the BMF, the Commodities and Futures exchange in Sao Paulo, Brazil, to investigate market expectations on the Brazilian Real-U.S. dollar exchange rate from October 1994 through July 1997. Using options data, we derive implied probability density functions (PDF) for expected future exchange rates and thus measures of the credibility of the "crawling peg" and target zone ("maxiband") regimes governing the exchange rate. Since we do not impose an exchange rate model, our analysis is based on either the risk-neutral PDF or arbitrage-based tests of target zones. The paper, one of the first to use options data from an emerging market, finds that target zone credibility was poor prior to February 1996, but improved afterwards. The market anticipated periodic band adjustments, but over time developed greater confidence in the Real. We also test whether devaluation intensities estimated from these option prices can be explained by standard macroeconomic factors.
specifically focusing on currency crises, especially the 1992 ERM crisis, include Campa and Chang (1996) , Malz (1996) , and Mizrach (1996) . These can be contrasted against measures of devaluation risk not based on options, as in Bertola and Svensson (1993) , Kaminsky, Lizondo, and Reinhart (1997) and, Svensson (1991) .
The motivation for this research is two-fold: first, to use options-based estimates of the PDF to compare and contrast market expectations with the two concurrent exchange rate regimes in the post-Real Plan Brazil; and second, to observe the time path of market perceptions to gauge policy effectiveness over time. Furthermore, this is one of the first options-based tests of exchange rate regime credibility on an emerging market. Within emerging markets, this is also the first paper to deal with the data challenges of exchange-traded options, rather than over-the-counter (OTC) volatility quotes. OTC data are normally subject to less observation error, and are by construction free of arbitrage violations. Hence, OTC data are easier to interpret empirically. Thus, results obtained here may have implications for applying this technique to other emerging markets, including those with only exchange-traded currency options.
The remainder of the paper is structured as follows. Section I describes the theoretical background behind the use of option prices to determine risk-neutral probability density functions (PDF's)-and for target zone regimes, the derivation of re-alignment intensities and probabilities, as well as arbitrage-based tests of credibility. Section II discusses the Real Plan and pertinent historical background, including the "miniband" and "maxiband" regimes. Section III introduces our option data, provides summary statistics, and conducts a preliminary analysis. Section IV investigates the behavior of the PDF over time, and in the context of a crawling peg, describes the probability and magnitude characterizing expected deviations from this regime. Section V addresses the "maxiband" target zones, estimated realignment intensities and probabilities, and arbitrage-based measures of credibility. Section VI explores the empirical relation between estimated intensities and standard macroeconomic factors. Section VII concludes.
I. Options-Based Indicators of Devaluation and Tests of Exchange Rate Band Credibility
Options-whose payoff depends on a limited range of future exchange rates rather than an entire distribution-are able to provide more precise information than other financial indicators about the future exchange rates expected by the market, and the amount of probability attributed to any given realization.
In contrast, the forward rate, for example, can indicate only the mean of this distribution. The advantages of an options-based approach will be discussed further below.
A. Options and the Risk-Neutral Distribution
We begin with a few brief definitions. A call option gives its holder the right but not the obligation to purchase a fixed amount of foreign currency (in the case of Brazilian Real-US dollar options, $1000 US) at a pre-determined price (referred to as the strike price or exercise price) in local currency. A put option gives the right but not the obligation to conduct the reverse transaction, i.e., to sell a fixed amount of the foreign currency ($1000 US) for a given strike price in local currency.
An American option may be exercised at any time before its expiration date; a European option, only on its expiration date. Because the European option can be exercised only on a single date, an analytical relationship known as put-call parity can be established between the price of a European call and European put of the same strike. This relation, which is derived from arbitrage restrictions, permits the price of a call to be computed from the price of a put with the same strike, and vice-versa. The analysis in this paper focuses exclusively on relationships derived from European call options (though some of the call option data were constructed from European put data via put-call parity).
It was first shown in Breeden and Litzenberger (1978) that the decline in the value of a European call option due to an infinitesimal increase in the strike price equals the discounted risk-neutral probability that the option will finish "in-the-money" (spot exceeding the strike on expiration). Accordingly, the value of a call option (under risk-neutrality) at time T with a strike price K is then given
where S T is the spot exchange rate at time T, f(S T ) is the risk-neutral density function for the spot at time T, and i T is the domestic risk-free rate for an investment maturing at time T. The partial derivative of equation (1) with respect to strike price K is:
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where F(K) is the risk-neutral cumulative density function of the exchange rate at time T, evaluated at strike price K. Taking the second partial derivative of equation (1) with respect to strike yields:
This then provides a direct relationship between observed European call prices and the value of the corresponding risk-neutral probability density function, i.e. the PDF. Note that the call price is based on the payoff (S T -K) multiplied by its risk-neutral probability f(S T ), which incorporates both the actual probability of that realization of spot and the value the market places on that state of nature. In other words, f(S T ) is not necessarily the actual density function, since-because of risk-a dollar in one state may be valued differently from a dollar in a different state.
Equation (3) is important because it provides the method by which the PDF can be extracted from call prices. If a continuous call price function twice-differentiable in strike exists, then the PDF is uniquely determined. In reality, such a continuous call price function is not available, but will be estimated from discrete point observations using a method described in Section IV of this paper.
B. "Intensity" of Devaluation or Realignment
When there are specific reference exchange rates in place, as in the case of target zones, a riskneutral PDF can be used to indicate the perceived probability of devaluations or "re-alignments" of various sizes beyond that specific reference level. By looking at only that part of the PDF representing a deviation from the reference exchange rates, we can isolate the risk of a change in regime. A summary measure incorporating both probability and magnitude of change from given reference rates, over all possible realizations deviating from these reference rates, can be termed an "intensity" measure. Campa and Chang (1996) define such an intensity as:
Intuitively, intensity G(T) is a risk-neutral probability-weighted average of all exchange-rate realizations requiring a re-alignment, or under deviation scenarios beyond S-overbar. In other words, the magnitude of realignment is multiplied by the risk-neutral probability of each realization. Comparing equations (4) and (1), the intensity of realignment is simply the future value of a European call with a strike price at the upper-bound. Mathematically,
Though this call with a strike price at the upper-bound does not exist in most cases, its price (and hence the intensity of realignment) is easily calculated once a risk-neutral PDF has been derived.
C. Minimum Intensity of Devaluation or Realignment
In the absence of a complete risk-neutral PDF, Campa and Chang (1996) show how one can compute a lower bound on re-alignment intensity using far fewer data points but relying on convexity properties of the call price with respect to strike, and the existence of one credible second reference rate.
This method uses both an observed at-the-money option, as well as the hypothetical price of an option whose strike price is the credible side of the target zone. The latter option will always end in-the-money, and hence can be evaluated as a bond or forward contract, since there is no uncertainty and no time value.
The method then relies on the arbitrage-based condition that call prices are always a convex and nonincreasing function of strike price. Therefore, when the call is graphed as a function of strike, the point corresponding to a call with a strike at the upper band (i.e. the realignment intensity) must lie above the rightward extension of a line connecting Call S,T (a call with a strike at the lower band expiring at time T) and any Call K,T (with strike K below the upper band). The following inequality summarizes this:
D. Arbitrage-Based Tests of Target Zone Credibility
Campa and Chang (1996) also develop two tests of band credibility relying solely on arbitrage or convexity arguments, without assumptions about risk preferences. These tests will be used for analysis and comparison in Section V.
The first test (hereafter referred to as "Test 1") is based only on a simple no-arbitrage restriction:
the maximum future spot rate cannot exceed any credible upper band. At expiration, the payoff of a European call equals, at most, spot minus strike. Therefore, under credibility, the maximum value of the call cannot exceed the present value of the upper band minus the strike. Thus, credibility can be rejected
Note that this test can be used even when there is only one reference rate.
The second test ("Test 2" from here on) is derived from convexity arguments and also provides an upper bound for the value of a call with a strike between two reference rates, or within the bands of a target zone. The argument is that under credibility, a call with a strike at or below the lower band will always finish in-the-money, and therefore is worth exactly its intrinsic value. This intrinsic value is S 0 /(1
, where i T * is the foreign risk-free rate and S 0 is the current spot. Furthermore, a call with a strike greater than the upper band will always finish out-of-the-money, and therefore be worthless. Call value, when mapped against strike, is a convex function passing through these two points. Therefore, a straight line-since we do not know the degree of convexity of the call function, but do know that it cannot be less convex than a line-connecting these two points must provide an upper bound on all points in between. Thus, credibility can be rejected whenever the call value exceeds this upper bound, or
Notice that by rearranging the terms of Test 2, we can show that the RHS of Test 2 is equal to the RHS of Test 1 times a coefficient less than one, provided the forward rate does not exceed the upper band.
Therefore, as long as the forward rate is within the band, Test 2 is always at least as restrictive as Test 1.
The one advantage of Test 1 is that it does not require the existence of a credible second reference rate, and provides a valid test even in the absence of, for example, a credible lower band. Test 2, in fact, is a test of the joint hypothesis that two reference rates, or the lower and the upper band of a target zone, are credible.
This section has summarized four different (but related) measures of exchange rate band credibility based on options data alone: (1) the PDF-based realignment intensity, when a full PDF can be described; (2) the minimum realignment intensity, given a credible second reference rate, (3) arbitrage test 1 (on one exchange rate band), and (4) arbitrage test 2 (based on lower and upper bands). In terms of how these four measures are related, recall that Test 2 is always more powerful than Test 1, but requires more assumptions. There is also a one-to-one mapping between violation by Test 2 and a positive minimum intensity of realignment, as both are based on convexity properties alone.
II. The Real Plan and Relevant History
Brazil has been subject to high levels of inflation since the early 1980's, and had unsuccessfully The result of the Real Plan was a reduction in inflation from 50% per month, as of June 1994, to less than 2% per month by the end of the year. Inflation has since then continued to drop, and in May 1998, 12-month inflation was 3.12%, its lowest value since November 1949. The Real Plan has also had positive effects on the rate of economic activity. Brazil's real GDP grew at an average annual rate of 4.0% during the four-year period 1994-1997, compared with an average annual growth rate of -0.2% during the four years prior to the implementation of the plan 1 .
Exchange rate stabilization was an integral part of the Real Plan. Upper and lower bands ("maxibands")-as indicators of the maximum possible movement up or down-were established in
March 1995, at a rate of .93 and .88 Real/$. Since then, they have been adjusted several times to allow the Real to depreciate at a controlled rate.
While announcing these broader "maxibands," the central bank in practice followed a "crawling peg" system, in which the Real gradually depreciated, but remained within a "miniband" surrounding a depreciating central rate . Under this informal system, the Real's central rate was devalued approximately 0.5%-0.6%/month, and central bank intervention assured that at all times, the spot rate would not deviate by more than 0.25% (half the "miniband width") in either direction. In practice, the central rate was devalued discretely by about 0.10% (although sometimes 0.05% or 0.15%) about 5-7 times per month.
Starting April 1997, the government started devaluing the central rate by about 0.7% monthly. To discourage speculation against the system, the actual magnitude and timing of these mini-devaluations was kept slightly irregular. Furthermore, the size of the minidevaluation would be smaller than the width of the miniband itself, so the instantaneous direction of the spot rate could not be known with certainty, discouraging "one way" bets.
While this system of a predictable crawling peg surrounded by a miniband provided short-term stability in the spot rate, the government wished to maintain some flexibility in its commitment to the exchange rate over longer periods such as several months. To commit to a very narrow range, even one surrounding a crawling peg, risked tying the government's hands unnecessarily and inviting outside speculation against the currency. Thus, the government remained free to alter either the rate of devaluation or the width of the miniband. At the same time, the government also wished to provide some indicative levels for medium-term forecasting. This dual objective was reached by instituting wider "maxibands." Though the exchange rate never technically violated these bands, the central bank adjusted the maxibands as markets gradually approached the maximum Real/$ exchange rate, an event that has typically occurred every six to twelve months ( Figure 1 ) .
Since the original maxibands were implemented in March 1995, through the end of our data in July 1997, the bands were changed on three separate occasions: June 22, 1995; January 30, 1996; and February 18, 1997 . Since the end of our data, the maxibands were changed on January 19, 1998, to the current upper and lower bands of 1.22 and 1.12 Real/$ respectively. In April of 1998, the government also announced that the lower end of the miniband would depreciate at a rate of 0.65% a month, while the upper band would depreciate at a rate of 0.75%, de facto widening the minibands over time. Despite its short history, the Real Plan appears to have been quite successful in taming Brazilian inflation and establishing a relatively stable currency with a reasonably predictable rate of devaluation. Given this track record, the following sections will seek to investigate issues of exchange rate regime credibility-both the crawling peg and the maxiband system-and how market perceptions of the distribution of Real/$ spot rate have changed over time.
III. Data Description
The data obtained consist of high, low, average, and last transaction prices for every trading day financial volume has more than doubled from 1996 to 1997. US dollar contracts for both futures and options apply to the "commercial" (as opposed to financial) exchange rate on a notional amount of $100,000.
In this paper, we focus on European call data, which significantly outnumber put data. Put data were translated using put-call parity and used only to augment the call data if a corresponding call did not exist. The call data consist of 5855 observations from the time period with mixed American and European calls, and 4837 usable (about 200 questionable observations were deleted) observations of the later time period with purely European calls. In addition, 218 put data observations were added from an initial data-set of 530 put observations. This revised data set forms the basis for our subsequent analysis.
In deriving the PDF and conducting credibility tests, we use futures prices as an approximation of the forward rate, as in Bodurtha and Courtadon (1987) . US interest rate data are daily Eurodollar rates for 1 day, 1 week, 1 month, 3 month, 6 month, and 1 year, obtained through Datastream . Linear interpolation between the two closest maturities along the yield curve is used to obtain the Eurodollar rate corresponding to the options' maturity. For example, if an 18-day rate is required then we use a weighted average of the 1-week and 1-month rates. Brazilian interest rate data is computed using covered interest rate parity, using the appropriate futures contract (whose maturity normally coincides with that of the options), spot exchange rate (again the mid-point of bid and ask), and computed Eurodollar rate. Since we have closing spot and U.S. interest rate data, we use the last traded futures contract in each day's calculations. Finally, exchange rate band information was obtained from the World Bank. In Table 1a , we report the mean and standard deviation of strike price over three maturity ranges (i.e. 1-30 days, 31-60 days, and 61-90 days) and four time periods corresponding to different exchange rate regimes. Maturities vary because unlike over-the-counter option contracts, which have a fixed timeto-expiration, BM&F standardized options and futures contracts settle on the first business day of the maturity month. 4 Note that especially in the first time period (March 10, 1995 -June 22, 1995 even the mean strike price was often outside the band.
In Table 1b , we report the distribution of these strike prices over time relative to the spot, forward, and upper-band. The concentration of strike prices is important for two reasons. First, it indicates in what exchange rate range market liquidity and interest were greatest. Second, it will affect the reliability of the PDF we extract from these data. Generally, the PDF is most reliable in ranges spanned by the observed strikes. Notice in Table 1b that the distribution of strike prices has become more concentrated over time: the percentage of strikes above the spot is increasing over the four periods, but the percentage above the upper-band is decreasing over the four periods. To the degree that market activity reflects a concentration of expectations (to be verified more formally later in the paper), this pattern suggests that market expectations are exhibiting less dispersion over time, and that the upper-band is becoming increasingly credible (as indicated by decline in the percentage of strikes exceeding the upperband).
The behavior of the underlying Real-dollar exchange rate also appears to have shifted over these periods. Table 2 reports the standard deviation of daily changes in the spot and forward rates. These standard deviations have decreased over the first three periods, a pattern coincident with less dispersed expectations as suggested by the increased concentration in observed strike prices.
IV. The Implied PDF and Expected Deviations from the Crawling Peg

A. Estimation of the Risk-Neutral PDF (over 15-day periods)
We first use our option data to derive risk-neutral PDF's corresponding to horizons of one, two, and three months. Because of data limitations, this procedure will require certain numerical approximations, but the resulting PDF's provide potentially richer information about expectations than simple point-estimate characterizations of expectations as provided by the forward rate or an econometric model.
A common approach to deriving the PDF from option prices characterizes Black-Scholes volatilities ("vols") implied in option prices as a function of the strike price. For any given date and time horizon, one can interpolate and extrapolate from existing implied vols to express implied vol as a continuous function of only the strike price. This function is commonly known as the "volatility smile" 5 .
The function is then transformed into a continuous call price function that is twice-differentiable in strike.
This approach does not require that the Black-Scholes model hold; indeed, the fact that implied vol varies with strike rather than being constant across all strikes is itself evidence against Black-Scholes assumptions. Note that the numerical technique in this volatility smile-based approach can vary, as discussed in Shimko (1993 ) and Campa, Chang, and Reider (1997 , 1998 . In Shimko (1993) , the method applied in this paper, the implied volatility smile is fitted as a quadratic function of the strike. In contrast, Campa, Chang, and Reider (1997, 1998) use the method of cubic splines.
6 Table 3 reports, by option maturity and exchange rate regime, the mean and standard deviation of the Black-Scholes implied volatilities extracted from observed option prices. A number of stylized facts are worthwhile noting. First, in all cases but one, shorter maturities are associated with high mean volatility. When normally calm markets experience occasional periods of high uncertainty expected to be temporary, implied volatility will increase, and most markedly for short-maturity options. Longer-dated options will also show a rise in volatility, but since the high-uncertainty state is not expected to continue throughout the option's remaining life, the implied volatility will reflect both the high-uncertainty period and the normal lower-uncertainty period, thereby diluting the effect of the temporary high-volatility period. Second, by similar reasoning, the standard deviation of short-dated volatility will be the highest, since longer-dated volatility will again reflect an average of high-volatility and low-volatility periods.
Third, the mean implied volatility is one to two orders of magnitude greater than realized volatility obtained from the time series of exchange rate changes. This is because implied volatility reflects the presence of "peso problem"-the risk of a rare but substantial exchange rate shock, in this case a devaluation of the Real. Throughout the periods in question, the Real has remained stable, or depreciated only gradually against the dollar. For the most part, in our very brief sample, the Real has avoided the given the potentially unique structure of each contract, each observation would have to be individually evaluated. Furthermore, low liquidity would reduce the reliability of such data. 5 Volatility plotted as a function of the strike price often resembles a "smile" because Black-Scholes implied volatilities tend to increase as the strike price moves away from the forward rate. 6 For a number of dates, we also fit a cubic spline (as in Campa, Chang, and Reider (1997, 1998) ) to the data, and obtain similar results to the quadratic, suggesting that the results are robust to the method used.
large price movements reflected in options' implied volatility. Of course, in small samples, realized volatility can very easily be substantially below implied volatility in the presence of a "peso problem."
In our attempt to derive a PDF from the Brazilian options data, a significant empirical problem is that, for any given observation date and maturity date, we observe an insufficient range of strike prices to trace out a reasonably complete volatility smile. This prevents us from constructing daily estimates of the PDF on all but a few dates. Also, as mentioned previously, options expire on the first business day of every month, reducing the frequency to only monthly if we wish to compare PDFs with the same time horizon.
To overcome these data limitations, we make the assumption that the shape of the volatility smile remains constant for a period of 15 days. For convenience, we assign the period's midpoint as the "observation date" for each 15-day period. For instance, for 60-day call options, implied volatilities are collected for options ranging from 53 to 67 days to expiration. Each volatility corresponds to a strike/forward ratio for the collection period. We convert each strike/forward ratio to an absolute price by multiplying by the forward rate central to the period. The implicit assumption is that during this period, the relationship between volatility and the strike/forward ratio remains constant.
Aggregating option observations over such 15-day periods, we obtain a semi-monthly series of PDF's for 35, 60, and 91-day call options (the 35-day periodicity captured a greater spectrum of strikes than did a 30-day). Many of these PDF's are estimated using over 20 data points on the volatility smile, and most use over 10 data points. Only in one case do we use as few as three options data points. PDF's are discarded if the associated continuous call price function is non-convex, as occurred in two instances.
PDF's were also smoothed using an exponential smoothing technique, which removes non-monotonicities or negative values on the posterior and anterior slopes. When this technique is applied, if a nonmonotonicity or negative value is detected, the computed PDF at this point is modified to decline from the previous value towards zero at an exponentially decreasing rate. All time series appear to exhibit increasing skewness and decreasing kurtosis over time. Positive skewness in this context indicates that a large depreciation of the Real is more likely than a large appreciation. The increase in skewness largely stems from the disappearance of a downside tail, in the region of Real appreciation. Kurtosis, on the other hand, reflects "fatter tails," relative to the lognormal distribution. Kurtosis (above that found in the lognormal distribution) denotes a relatively high probability of extreme outcomes-holding volatility constant. These graphical results reinforce our earlier inferences from the distribution of strike prices. Positive skewness confirms that the market perceives a greater probability of a large Real depreciation than a large Real appreciation. Increasing kurtosis indicates the relative increase in very large expected exchange rate changes, and hence conditional on the level of volatility, less total probability of devaluation. Towards the end of the sample, it is striking how the part of the distribution below the forward rate is extremely concentrated in values very close to (but below) the forward rate (i.e. small Real appreciation). In contrast, for values above the forward rate, the distribution quickly drops to zero for points beyond a 2% depreciation from the forward rate. This is consistent with the government's stated policy of constant depreciation over time.
B. Deviations from the Crawling Peg (Miniband) Regime
We now use these PDF's to identify potential divergences between market expectations and the existing crawling peg regime of 0.5%-0.6% per month. We focus on possible Real devaluations of a larger magnitude than the crawling peg, namely 2% and 5% over horizons of 35, 60, and 91 days (approximately 1, 2, and 3 months). All these combinations of devaluations and time horizons represent a rate of Real depreciation at least as fast as under the crawling peg, and usually more so. For example, the existing crawling peg would imply about a 1.5% depreciation over three months.
For each devaluation size (x%) and horizon, we calculate the "probability" of devaluations at least x%. "Probability" denotes the total amount of probability, not weighted by distance, representing devaluations of at least x% from the current spot. Graphically, this corresponds to the area under the curve in the right-hand tail of the risk-neutral PDF beyond an x% devaluation. In contrast, "intensity" denotes the total probability, weighted by the amount of depreciation beyond x%, of all devaluations of at least x%. Table 4 depicts the probability, at the start of each month, of a depreciation of at least 2% or 5% over horizons of 35, 60, and 91-days. A number of points are striking in this table. First, the credibility of the crawling peg regime has improved consistently over time. Late in the sample, probabilities of a given depreciation (from spot) are much lower than early in the sample.
Second, within any of the three exchange rate regimes, the probability of a 2% or 5% depreciation does not change markedly in the months just prior to the maxiband realignment. In the first regime, from August 1995 (when our data begin) through January 1996, depreciation probabilities remain high throughout these six months. Beginning in February 1996, the probability of depreciation drops significantly, and remains low even up to the February 1997 realignment. This does not imply that markets expected no maxiband realignment, as we will see in the following section. Yet, the options data indicate that any anticipated maxiband realignment was not expected to be accompanied by a large spot depreciation.
Third, around times of realignments (the months preceding January 1996 and January 1997) the probability of a 5% depreciation is usually far smaller than that of a 2% depreciation. This indicates that the probability mass of a depreciation of 2% or more arises primarily from expected small depreciationsi.e. between 2% and 5%--rather than expected large depreciations of 5% or more. Thus, even when the crawling peg regime is not perceived as fully credible by the market-i.e. some depreciation beyond the usual 0.5%-0.6% per month is expected, much of the market's "doubt" surrounding the crawling peg regime is in the form of minor rather than major expected depreciations beyond the crawl.
Fourth, our estimates of depreciation risk prove extremely sensitive to news affecting the Brazilian economic and political situation. Probabilities of large depreciations increased considerably in April and May of 1996. This coincided with a humiliating defeat suffered in Congress by the Brazilian government on Social Security Reform, a key part of the structural reforms under the Real Plan.
Likewise, in May 1997, bribery accusations against some Congress members resulted in a sharp temporary rise in depreciation probabilities. Table 5 lists certain key economic and political events that may have played a role in the market's perception of depreciation risk over this period.
V. Empirical Findings: Tests of Exchange Rate "Maxi-Band" Credibility
A. Arbitrage-Based Tests (Daily Observations)
We now focus on Brazil's "maxibands" and perform a number of tests, including the arbitragebased tests of band credibility using Tests 1 and 2 (equations (7) and (8) respectively) discussed in Section I of this paper. We start by focusing simply on the behavior of the spot and three ranges of forward rates
(1-30 days, 31-60 days, and 61-90 days) against the band. We see in Figure 1a that there is no violation of the upper-band by the spot. In Figure 1b After the realignment of January 30, 1997, credibility of the exchange rate band could still be rejected. Yet, the percentage of traded options whose price was inconsistent with credibility of the new band declined significantly, and remained stable through the end of the sample on July 30, 1997, at around 20% of the traded options.
B. Probability and Realignment Intensities of the Maxibands
As we did with the minibands above, we compute the estimated monthly probabilities and intensities of devaluation (reported in Table 6 ) implied by the estimated PDF's at the three different horizons. Devaluation probabilities were consistently large at all horizons during the first part of the sample ("Regime II"), until the realignment of January 30, 1996. After that devaluation, probabilities were very close to zero until about November 1996, four months prior to the February 18, 1997 realignment, when the probabilities of devaluation began to steadily increase again.
Realignment intensities in Table 6 are expressed on an annualized basis as a percentage of the existing upper band. These numbers refer the product of the probability of a devaluation and the expected size of the devaluation (measured from the upper band). At the beginning of January 1996, the estimated 35-day devaluation intensity was slightly higher than 10% annually. This suggests, for instance, a 50%
probability of a 2% depreciation of the spot rate beyond the upper band over a 35-day horizon. This number seems plausible given the government's policy of aiming for a steady monthly nominal devaluation of the Real of about 0.5-0.6%. The low realignment intensities observed prior to the following realignment on February 19, 1997 corroborates this point. Estimated three-month realignment intensities at the beginning of February 1997 are 2.75% while the estimated probability of the devaluation was almost 98 percent. This again indicates that, although a realignment was widely expected, the expected devaluation of the spot rate from such a realignment was very small and of the same order as the observed depreciations in the previous months.
Like our estimates of expected depreciations beyond the crawling peg, probabilities and intensities of realignments (devaluations beyond the maxibands) also prove sensitive to news affecting the Brazilian economic and political situation. For example, the failure to pass Social Security Reform legislation (April-May 1996) and the Congressional bribery scandal (May 1997) increased both realignment intensity and realignment probability, especially at the 91-day horizons.
VI. Economic Determinants of Realignment Intensity
To ascertain whether variation in realignment intensity can be explained by common macroeconomic variables, we perform regressions whose dependent variable is the monthly estimates of devaluation intensity and its lower bound, as estimated in Section V. The macroeconomic variables used are similar to those in Rose and Svensson (1994) . No lagged right-hand-side variables were included, however, because of the limited number of left-hand-side observations available.
The specific equation used is:
The explanatory variables on the RHS are:
• the real exchange rate (RER), determined using the nominal monthly average exchange rate, the US PPI, and the Brazilian WPI;
• cumulative inflation (Infl), which is the difference between the Brazilian and US CPI's;
• Brazilian output divided by US output (Output);
• Brazilian trade balance divided by the US trade balance (Trade);
• Brazilian foreign reserves divided by US foreign reserves (FRES);
• and the ratio of Brazilian high-powered money to its US counterpart (Money).
All variables except inflation are expressed in logs. On the left-hand-side, we use devaluation intensity derived from the full estimated PDF.
Results from OLS regressions using equation (9) for the 35-day, 60-day, and 91-day intensity data are reported in Table 7 . 7 We should first note the low power of these regressions owing to the small number of observations in our sample. The regression results clearly indicate the low explanatory power of these macroeconomic variables. For the specification using the 90-day realignment intensity, we can not reject the hypothesis that all the coefficients equal zero. None of the indicators is significant in all three regressions. Money is the only variable that has a significant coefficient in more than one regression-with higher money growth associated with higher realignment intensity. The coefficients on
Trade and on Reserves do have the expected sign and are significant in the regression of the 60-day intensity. Increases in the Brazilian trade deficit and decreases in its level of reserves appear to increase the intensity of realignment. These economic linkages are not confirmed in regressions of the two other horizons' intensity, where the coefficients are insignificant and the sign changes. 8 Given the small number of observations, it is not appropriate to draw general conclusions from these estimates.
Nevertheless, the results are consistent with the general conclusions of Svensson and Rose (1994) and Campa and Chang (1998) : that macroeconomic variables are largely unable to explain intertemporal movements in realignment risk.
VI. Conclusion
This paper has used a new data set of exchange-traded options from August 1995 through July 1997 to derive risk-neutral probability density functions for the Real/Dollar exchange rate over horizons ranging from one to three months. The PDF is a superior indicator to a single point estimate of exchange rate expectations, such as a forward rate or survey-based forecast, in that it assigns varying amounts of probability to different possible outcomes. Although we introduce some approximations to compensate for sparse data, we make no assumptions about exchange rate dynamics. The PDF then can be used to analyze both the crawling peg and the maxiband exchange rate regimes. These two overlapping systems have been in operation in Brazil since early 1995, several months after the June 1994 introduction of the Real Plan, designed to combat inflation and currency depreciation.
In assessing market expectations under the crawling peg, we use the risk-neutral PDF to calculate both the intensity and probability of depreciation beyond the crawling peg. A high probability accompanied by a relatively low intensity, for example, indicates that the market anticipates depreciation beyond the peg, but most of this depreciation is concentrated just outside the peg. Empirically, we find that the credibility of the peg has increased over time, and that the occasional spikes in depreciation intensity and probability can usually be explained by identifiable political or economic news in Brazil.
Our evaluation of the maxiband regime consists of two arbitrage-based tests of target zone credibility, as well as a measure of devaluation intensity outside the band. Tests based on arbitrage reject credibility whenever observed option prices are inconsistent with zero probability lying outside the band.
When this occurs, devaluation intensity outside the band is positive. The numerical value of this intensity 8 We performed similar regressions using the average monthly minimum intensity of realignment then provides a quantitative indicator of markets' questioning the maxiband regime. Empirically, we are usually able to reject credibility, but find that through our sample ending in July 1997, the intensity of devaluation has fallen over time as the regime became increasingly credible.
This paper also provides a more general methodology for extracting the risk-neutral PDF even when data are limited. In particular, we aggregate observations over several days, normalizing the option price by the contemporaneous forward rate. Our method involves fitting a single volatility smile to these multi-day observation periods. Assuming stationarity of the distribution over each period, this approach results in more precision when relatively few options are observed, a common difficulty with many emerging markets.
Analysis of the shape of the PDFs over time also provides insight into market perceptions. In general, the PDFs appear to exhibit a greater degree of kurtosis and skewness (towards Real devaluation) with time. Increased kurtosis, i.e. fatter tails for a given level of volatility, suggests that increasingly markets believed that if a depreciation were to occur, it would be a large depreciation. Holding volatility constant, an increase in kurtosis implies less probability of a devaluation outside the target zone, but a larger expected devaluation if devaluation occurs.
We also run regressions seeking to identify macroeconomic determinants of realignment risk.
We find little evidence that standard macroeconomic indicators can explain observed realignment risk, consistent with Rose and Svensson (1994) and Campa and Chang (1998) . Our observation of increasing kurtosis over time suggests that devaluation outside the band is increasingly perceived as a rare large event, rather than a more likely but not necessarily large event.
Overall, the paper's findings reinforce earlier work on options' superior ability, relative to macroeconomic or interest-rate based indicators, to anticipate the periodic realignments of the exchange rate bands. By providing a more sensitive indicator of exchange rate risk-either in the form of depreciation beyond the crawling peg or a realignment of the maxibands-we have also documented the steady increase in exchange rate credibility during the first years of Brazil's Real Plan.
computed according to equation (6) and the results were equally unsuccessful. 
